A surface moisture availability model (β model) parameterized by solar radiation St, soil water content θ and wind speed u, and a canopy resistance model (r c model) parameterized by St under four different vapour pressure deficit VPD conditions were developed in this paper. β model showed that under larger St, higher θ and higher u conditions, β was larger. Under higher St, r c was influenced by VPD more, and it meant stomatal aperture became sensible to VPD. When Bowen ratio Bo was zero, r c was set as critical canopy resistance r cc , and r c -r cc accounted for the energy partitioning directly.
Introduction
Evapotranspiration is one of the main processes in the airland energy exchanges. The evapotranspiration is controlled by atmospheric conditions, surface soil wetness and vegetational conditions. Quantification of soil evaporation can help in environment and irrigation management (Guo et al. [1] ). The meteorological and vegetational factors have influence on the crop's energy budget (Oue [2] ).
Many previous studies have parameterized surface moisture availability for bare-soil evaporation, making use of an empirical relationship between theevaporation rate and water content of the surface soil layer having a thickness of few centimetres (Mahfouf and Noihan [3] ; Yamanaka et al. [4] steady under different solar radiation and wind speed conditions, so the relationships obtained under specific soil water condition are not applicable. In addition, the thickness of the soil layer used in determining the surfacemoisture availability cannot be clearly defined (Yamanaka et al. [4] ).
The measured surface moisture availability βis obtained by sensible heat flux, latent heat flux, relative humidity and air temperature. In this study, a simple model is developed for estimating surface moisture availability with solar radiation, soil water content at 5 cm and wind speed.
Canopy resistance is related to soil moisture, available energy, vapour pressure deficit and aerodynamic resistance (Gharsallah et al. [5] ). According to Monteith [6] , water vapour loss from a leaf by diffusion is equivalent to an electrical circuit with cuticular resistances being analogous to resistance to current flow. A number of empirical approaches have been proposed to estimate canopy resistance (Weert and Kamerling [7] ; Slabbers [8] ; Lafleur and Rouse [9] ; Allen et al . [10] ; Kim and Verma [11] ; Saugier and Katerji [12] ; Steiner et al. [13] ; Lafleur and Roulet [14] ; Todorovic [15] ; Oue [2] ; Katerji and Rana [16] ; Abtew and Melsse [17] ). In this study, the canopy resistance estimated with solar radiation is applied to show the stomatal response to the environment.
Field observations
Field observations were conducted from July 13 th to November 18 th , 2013 in the paddy field located in the Faculty of Agriculture, Ehime University, Matsuyama, Japan (33°50′ N, 132°47′ E). The schematic arrangement of observation site and its surroundings in Ehime University is shown in Fig. 1 .
The experimental plot was 742.34 m 2 , surrounded by greenhouses, orchards and upland fields. The fetch of it in the prevailing wind direction was 20.0 m. The black rice （Oryzasativa L.）was transplanted on July 1 st with 30×20 cm spacing and it was harvested on November 18 th , 2013. The global solar radiation (St), albedo(α)and downward longwave radiation (Ld), and upward long wave radiation (Lu) were observed by CNR-2(Kipp & Zonen, Netherland) at 2.0 m. Air temperature and relative humidity were measured by the psychrometers HMP-45A (Vaisala, Finland). At first, two thermometers and hygrometers were set at 0.6m and 1.0 m, and with the growth of rice, sensors were lifted to 1.0 m and 1.5m, respectively on November 10 th , 2013. Horizontal wind speed was observed above the canopy by the three-cup anemometer 014A (Met One, USA) mounted at 0.6m, 1.0 m and 2.0 m initially. For the same reason, the two lower anemometers were lifted to 1.0 m and 1.5m on November 10 th , 2013. Soil temperature, soil heat flux and water content were measured by TE-5 (Decagon, USA) at the soil depth of 0, 5cm, 10cm and 20cmin the paddy field. All data were sampled 10s, and recorded every 10 min by a data logger CR23x (Campbell, USA).
Water depth and plant height were measured twice (8:00 and 18:00) every day, while leaf area index LAI was measured with five plants once a week. 3.
Material and method
Net radiation Rn is written as eq. (1).
Lu Ld
Energy balance in a paddy field is written as eq. (2).
where H is sensible heat flux (W m ). In eq. (3), C w is the specific heat capacity of water (4.18 J cm -3 K -1 ), d w is the water depth (cm), T w is water temperature (K), and δt is time period (s).
H and LE can be estimated by Bowen ratio energy budget method.
where Bo is Bowen ratio, γis psychrometric constant (0.66 hPa K -1 ), C h is bulk transfer coefficient, u is wind speed at 2.0 m (m s -1 ), T s is surface temperature on the paddy field (℃), T 1 and T 2 are temperatures measured at two different heights (℃), e 1 and e 2 are vapour pressures at two heights corresponding to the temperature measurement (hPa), e sat (T s ) is saturated vapour pressure at the surface temperature (hPa), e a is air vapour pressure (hPa), β is surface moisture availability and ρ is air density (kg m -3 ).
Air density changes with variation of absolute pressure P (hPa) and air temperature T a (eq. (8)). R specific is the specific gas constant (287.058 J kg -1 K -1 ). Actual evapotranspiration ET is estimated from LE of eq. (5) as shown in eq. (9) .
where l is latent heat of vapour.
4.
Results and discussion
Plant height (h) and LAI
Plant height (h) and LAI of black rice measured from July 1 st to November 18 th are shown in Fig. 2 . On transplanting day, h was 13.0 cm, and LAI was 0.02. Before it was harvested, h was 103.0 cm, and LAI was 5.4. The flowering days were September 5 th to 9 th , 2013.
Based on observations in the paddy field, the total growth period could be divided into four stages: (1) From stage 1 and 2, K was averagely 1.12 mainly because LAI in the irrigated field was less than 3.8. Based on the K in stage 1 and 2, the K model was developed with St, because St had highest correlation with K (as eq. (10) (11) In stage 4, K decreased to 0.97 because rice became ripe, and there was no irrigation water. There were two dry periods (the first one was from October 11 th to 22 th and the second one was from November 1 st to 17 th ) and a wet period in stage 4. In the wet condition after rainfall, the averaged K was 1.15. Fig. 5 shows the relationship between soil water content θat 5 cm and K in these two dry periods. In the first and second dry period, the relationship could be written as eq. (12) and (13), respectively.
Because the plant became yellow, and K was lower in the second dry period than that in the first dry period, and it was concluded that K was influenced by growth stage instead of soil water content. 
Energy budget
The diurnal variations of the energy budget terms in the four stages in the paddy field are shown in Fig. 6 . In stage 1, Rn was large lyal located to latent heat flux LE. In the afternoon, LE was greater than Rn because of the negative sensible heat flux H. In stage 1 and 2, because the water in the paddy field stored quite amount of heat energy during daytime, so δW was important. In the last two stages, LE was the main factor accounting for the energy budget compared with H, G and δW. Based on the different soil water contents in stage 4, the energy budget analysis was divided into three situations: the first dry period, wet period and the second dry period, as shown in Fig. 6 (d 1 ) , (d 2 ) and (d 3 ), respectively. In the two dry periods, Rn was less allocated to LE.
β model
The surface moisture availability β model was developed with solar radiation St, soil water content θ at 5 cm, wind speed u as shown in eq. (14) . Relationships between St, θ and u and surface moisture availabilityβ classified by four ranges of VPD are shown in Fig. (7) . 
r c model
Theoretical and empirical approaches have been applied to show that canopy resistance r c is related to θ, vapour pressure deficit VPD and aerodynamic resistance r a (Gharsallah et al. [5] ). The r a has been commonly presented mainly as a function of surface characteristics and wind speed u (Abtew W and Melesse A [18] ). r c can be estimated from LE, as shown in eq. (15). 
In eq. (15) and eq. (16), z is the height of wind measurement (m), d is displacement height (=0.667 h), z 0 is the roughness length for momentum transfer (=0.123 h), z 0v is the roughness length for vapour (=0.0123 h), k is the von Karman constant forturbulent diffusion (0.41), and u is wind speed measurement at height z (ms -1 ). Ψ m and Ψ v are the Monin-Obukhov similarity functions for momentum and water vapor transfer (Brutsaert [19] ) shown as follows. 
where L is Obukhov's stability length.
Environmental factors affecting stomatal conductance include St, T a , e a and leaf water status. The most consistent and well-documented stomatal response is the opening that occurs in most species as St increases, and stomata tend to open as T a increases over the normally encountered range, and the stomata in many species close in response to increased leaf-to-VPD difference, and stomata tends to close with increasing leaf water potential (Hamlyn G. Jones [20] ).
Based on the measured results, Oue [2] revealed St had the primary influence on r c and VPD had second influence on r c . And Oue [2] developed a simple model to estimate r c with St classified by four ranges of VPD (as eq. (20)).
where m and n are experimental parameters; m represents the canopy resistance r c in response to the solar radiation St.
The relationships between St and r c classified by four ranges of VPD are shown in Fig. 8 . In the four stages, the variation trends of r c were similar as a whole, with the increase of St, r c decreased fast at first, and after that it tended to be steady.
Combining eq. (7) and (9), actual evapotranspiration ET can be estimated by r a and r c as shown in eq. 
Parameterization of β model and r c model
Since the relationship between St, θ and u and surface moisture availability βwere classified by four ranges of VPD, and there were four groups of parameters in every model. As shown in Fig. 9 , a increased with the increase of VPD in each stage. It meant under higher VPD condition, β was sensitive to St, θ and u.
In r c model, under higher VPD condition, m was higher in each stage. It meant under larger St, r c was influenced by VPD more, and the stomatal aperture became sensitive to VPD. 
Relationship between r c and Bowen ratio Bo
Relationship between canopy resistance r c and Bowen ratio Bo classified by four growing stages are shown in Fig. 11 . In each stage, there was no clear relationship between canopy resistance r c and Bo (correlation coefficient was less than 0.01). Therefore, we concluded r c did not account for energy partitioning directly.
Figure 11
Relationship between canopy resistance (rc) and Bowen ratio (Bo) classified by four stages
Relationship between critical canopy resistance r cc and Bowen ratio Bo
Critical canopy resistance r cc was defined as r c when Bo was zero. The relationship between St and r cc classified by four ranges of VPD showed that with the increase of St, r cc decreased (Fig. 12) . The difference between canopy resistance and critical canopy resistance r c -r cc had the linear relationship with Bo in each stage (Fig. 13) . So it was r c -r cc that accounted for the energy partitioning directly. 
Conclusions
The influence of meteorological and vegetational factors on the partitioning of the energy of a rice paddy field was evaluated in this study.
The surface moisture availability model showed that under larger solar radiation St, higher soil water content θ and higher wind speed u conditions, the surface moisture availabilityβwas larger.
For canopy resistance r c , under higher St, r c was influenced by VPD more, and it meant stomatal aperture became sensible to VPD.
Since there was no clear relationship between canopy resistance r c and Bowen ratio Bo, so we concluded that r c did not account for the energy partitioning directly.
When Bo was zero, the canopy resistance r c was set as critical canopy resistance r cc . And r c -r cc had the linear relationship with Bo in each stage. It meant that r c -r cc accounted for the energy partitioning directly. 
